Retinal ganglion cell receptive fields have been successfully described using the difference of Gaussians model introduced by Rodieck. As the basic elements of retinal receptive fields are well described by the Gaussian function, it is natural to model receptive fields beyond this level as a convergence of Gaussian subunits. In this paper the full two-dimensional solution to the problem of calculating the response to drifting gratings of a model receptive field composed of Gaussian subunits is presented. The subunits are not required to be radially symmetric, any number is allowed, with any temporal phase delays; and responses are predicted to gratings of any spatial frequency at any orientation. This solution will greatly extend the range ofreceptive fields that can be modeled as a convergence of Gaussian subunits, including those with orientational and directional selectivities.
The modeling of receptive fields has been a common practice among visual physiologists since the introduction of the pioneering Hartline-Ratliff equations (1, 2) . Rodieck (3) proposed the concentric difference of Gaussians as a model for the sensitivity profile of the receptive fields of retinal ganglion cells and presented an analytic solution to the response of this profile to drifting bars. Shortly thereafter Enroth-Cugell and Robson (4) provided a solution to the spatial frequency response of the difference of Gaussians model and, in agreement with Rodieck (3) , found that the predicted responses were quite similar to experimental data. Later, models in which the center and surround subunits were free to assume arbitrary temporal phase delays were introduced by Enroth-Cugell et al. (5) and Dawis et al. (6) . One of these models (6) also allowed the center and surround subunits to be nonconcentric, predicting the spatial frequency tuning along the axis of symmetry. These modifications of the basic difference of Gaussians model provided a better fit to a wide range of data from retinal ganglion cells and lateral geniculate nucleus (LGN) neurons. In this paper these results are extended to provide the full two-dimensional solution to the problem of calculating the response to drifting gratings of a model receptive field composed of Gaussian subunits. The following advantages of the solution presented here are: (i) model receptive fields can be composed of any number of subunits, located anywhere in the X-Y plane; (ii) the subunits are not required to be radially symmetric, i.e., any two-dimensional Gaussian function is allowed; and (iii) responses are predicted to gratings of any spatial frequency at any orientation. As in the original difference of Gaussians model, the subunits are assumed to sum linearly; and, following Enroth-Cugell et al. (5) and Dawis et al. (6) , they can assume any temporal phase delay.The availability of this solution will greatly extend the range of receptive fields that can be modeled in a quantitative way as a convergence of Gaussian subunits.
There is convincing evidence that receptive fields in the retina are not radially symmetric, but somewhat elongated ellipses (7-9). These receptive fields, which are now known to be elliptical, have, however, been successfully modeled under the assumption of radial symmetry, from spatial tuning data collected at a single orientation (3-5, 10, 11) . This result is to be expected, as the line weighting function of an elliptical Gaussian at any orientation is itself a Gaussian function, just as in the radially symmetric case (see Appendix). However, if responses from a neuron with an elliptical receptive field center are measured at more than one orientation, a twodimensional model will be required to fit the data. The primary advantage of a two-dimensional approach, that is, the ability to predict the orientation tuning of model receptive fields, should lend itself particularly well to the modeling of cortical simple cells (12) (13) (14) , as their LGN inputs can be well described by Gaussian subunits (6, 15, 16) .
THE ALGORITHM
A model receptive field is specified by the number of component subunits, and a list ofparameters for each subunit defining its properties. This list includes the following parameters: (i and ii) the X and Y coordinates of the center of the subunit sensitivity profile (X0, Y0); (iii) the height or peak sensitivity of the subunit (h); (iv and v) the widths of the two principal axes of the subunit (wl, w2); (vi) the orientation of one of the principle axes (O0); and (vii) the temporal phase delay of the subunit response (40). When the receptive field has been thus specified, the response of the model cell can be found for a drifting stimulus grating of arbitrary orientation, 8, and spatial frequency, f. As a result of the constraint that model receptive fields must show linear spatial summation, the response will be a sinusoidal function of time and can be calculated by a summation of the individual subunit responses. A subunit response can be defined as a complex number, with the magnitude, Ir(f, 0)1, representing the response amplitude, and the argument, arg r(f, 0), representing the response phase.
For a radially symmetric subunit the response amplitude is given by Ir(f)l = irhw2exp[-(irwf)2], [1] where w = w, = w2, the widths of the principal axes being equal. A derivation is given in . For an elliptical Gaussian, the response amplitude of the subunit is given by
LGN, lateral geniculate nucleus.
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[3]
The total response, represented as a complex number, is given by the sum of the subunit responses [4] where n indexes the individual subunit responses and N is the number of subunits. Fig. 2a is composed of two rows of radially symmetric difference of Gaussian inputs, with the two rows being of opposite sign (180°apart in temporal phase delay). The spatial frequency tuning in the preferred direction is shown in Fig. 2b , and the orientation tuning at the preferred spatial frequency is shown in Fig. 2c . The receptive field shown in Fig. 2d is a simplified representation of the one in Fig. 2a . Each row of Gaussian subunits is represented here as a single elliptical subunit. The number of parameters that need to be specified, and the associated computation time for calculating the responses are greatly reduced. The similarity of the spatial frequency tuning curves of Fig. 2 two rows of center inputs are separated by 1200 of temporal phase instead of 180°. The spatial frequency tuning for drift in the preferred direction (Fig. 2i) is not drastically altered. However, this receptive field is directionally selective, as seen in Fig. 2j . While directional selectivity in cortical simple cells may involve nonlinearities, the contribution of linear mechanisms to this phenomenon should certainly be investigated. Neurobiology: Soodak tude representing the amplitude of the sinusoid and the argument representing the phase. In general, the response phase of a receptive field will depend on the following three factors: (i) the position of the receptive field relative to an arbitrarily defined origin, (ii) the temporal properties of the receptive field, and (iii) the spatial distribution of sensitivity. The component of the phase delay caused by displacement from the origin need only be considered when the relative phase of nonconcentric receptive fields or subunits must be found, as, for example, in calculating the total response of a receptive field composed of nonconcentric subunits. The calculation of this phase delay has been given in the text. A receptive field or receptive field subunit that is uniform in space with regard to its temporal properties can be represented by a real valued function of the spatial coordinates [a sensitivity profile, s(X, Y)] and a single number representing the phase delay at the temporal frequency of stimulus. In other words, for the purpose of calculation, the receptive field can be assumed to respond instantaneously, with the phase delays resulting from the temporal properties and the displacement from the origin being added at the end. The complex number r(f, 8) representing the response to a drifting grating of spatial frequency f and orientation 8, is then given by r(f, 8) = J LWF(8, X')cos(2irfX')dX' + if LWF(8, X')sin(2irfX')dX', [Al] where X' and Y' are the coordinates of a reference frame x exp{-[X'/(wlw2)]2/(sin28/w2 + cos28/w2)}, [A6] which is a Gaussian function ofX' centered at X' = 0. As this LWF is a real and even symmetric function of X', the argument of r(f, 8) is zero, and its magnitude is given by Ir(f, 8) [A14]
The equation given by Kulikowski et al. (21) 
